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Abstract—Control of the structure and morphology of clay crystals presents a challenge in the synthesis of
materials for adsorption and catalysis. In the present study, direct crystallization of a phyllosilicate grafted
with organosilyl (methylsilyl and phenylsilyl) groups on the surface of monodisperse spherical silica
particles (2.6 mm) is reported. Methyl- and phenyltriethoxysilanes were allowed to react hydrothermally in
a Teflon-lined autoclave with silica, MgCl2, and LiF in the presence of urea for 2 or 4 days. X-ray
diffraction patterns revealed that the fine platy particles formed were a trioctahedral hectorite-like layered
silicate. Greater temperature (150ºC) was required to achieve homogeneous coverage of the original
spherical silica particles with the hectorite-like particles. The diameter of the initial silica grains increased
slightly to 3.0 mm after the hydrothermal reactions, while the original spherical shape and size distribution
were maintained. Solid-state 29Si nuclear magnetic resonance analyses confirmed that the presence of
resonances attributed to the RSi(OMg)(OSi)2 and RSi(OMg)(OH)(OSi) (R = methyl or phenyl)
environments of the silicon proved the formation of covalent bonds between phyllosilicate sheets and
the organic moieties. The crystallinity of the layered silicates increased when the reactions ran for a longer
time (4 days).
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INTRODUCTION

Clay-like synthetic layered solids have been investi-

gated from the viewpoints of selective adsorption,

molecular separation, and controlled release using their

two-dimensional interlayer spaces (Ogawa and Kuroda,

1995; Cool and Vansant, 2004; Rogez et al., 2011;

Okada et al., 2012a, 2014; Chhowalla et al., 2013;

Okada and Ogawa, 2017). The morphology of a material

(e.g. the particle-size distribution and shape) is also

important with a view to enhancing the applicability of

the material. Hybridization with solid supports can be

used in flow systems to solve a problem whereby fine

powder often causes a decrease in contact efficiency

owing to a drop in pressure. Fine crystals of layered

solids have been mounted on the surface of supports via

heterogeneous nucleation reactions (Okada, 2018); solid

supports have often been used as sources of the layered

solids, whereas the other reactants were supplied by the

solution medium. Combinations of solid substrates and

reactants present in solution can lead to the formation of

various types of fine crystal such as titanosilicate-silica

fibers (Pérez-Carvajal et al., 2013), (Ni, Zn)/Al layered

double hydroxide (LDH)-Al2O3 plates (Chen et al.,

2006; Yamaguchi et al., 2006; Zhang et al., 2008;

Katagiri et al., 2009), and (Mg, Zn)/Al LDH�Al2O3

fibers (Zhang et al., 2013, 2014). Owing to the partial

dissolution of the support, the growth of crystals

preserves the shape of the support, which is referred to

as a ‘sacrificial template’ or ‘self-template.’

Synthetic smectites, which possess swelling proper-

ties similar to those of natural smectites, have been

obtained via hydrothermal methods for various applica-

tions because of their cation-exchange ability, lack of

colored impurities, fine powder form, and structural/

compositional versatility. Cation-exchange reactions

modify the interlayer space to create various useful

microenvironments with features such as hydrophobicity

(Carrado et al., 2001), pillared structures with robust

microporosity (Pinnavaia et al., 1984; Kloprogge, 1998),

and soft microstructures with specific chemical affinities

(Okada et al., 2015a, 2017). Organosilyl groups, on the

other hand, are used to modify silicate layers via

covalent bonding by sol-gel processes (post-grafting)

and hydrothermal reactions with organosilane reagents

(one-pot formation). The post-grafting onto surface

silanol groups of layered silicic acids has been reported

via silylation reactions (Ruiz-Hitzky and Rojo, 1980;

Ruiz-Hitzky et al., 1985; Thiesen et al., 2000, 2002;

Ogawa et al., 1998). The one-pot formation of a

phyllosilicate-like structure (direct incorporation of

organic functionalities) can also be achieved by using

organosilanes as silicon sources under both non-hydro-

thermal (Jaber et al., 2002) and solvothermal conditions

(Fukushima and Tani, 1995, 1996; Burkett et al., 1997;

Whilton et al., 1998; da Fonseca et al., 1999, 2000a,
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2000b; Carrado et al., 2001; Fujii et al., 2003; Jaber et

al., 2005).

Direct crystallization of fine crystals of hectorite-like

(Okada et al., 2012b, 2015b, 2016a, 2016b, 2016c) and

saponite-like (Okada et al., 2015c) layered silicates have

been reported using amorphous silica as a solid support

and which acted as a sacrificial template and functioned

as the source of the layered silicates by the partial

dissolution of silica. The size and shape of the silica

substrate (e.g. fibers, spheres, hollow structures) affect

directly the characteristics of the final product, and

unique and useful functions have been reported, includ-

ing facile recovery from aqueous media (Okada et al.,

2012b, 2016b), topochemical intercalation (Okada et al.,

2015b), filtration (Okada et al., 2016a), rapid chiral

discrimination (Okada et al., 2016c), and controlled

release (Okada et al., 2015c). Amorphous silica hence

offers many advantages as a heterogeneous nucleation

medium for the development of hierarchically designed

supports. The morphological control of covalently linked

phyllosilicates using the sacrificial template method has,

however, not been studied. Heterogeneous nucleation

reactions of an organic�inorganic lamellar composite on

monodisperse spherical colloidal silica particles

(2.6 mm) are reported here. The aim of the study was

to prepare composites, on spherical silica, which contain

interlayer exchangeable cations and organic functional-

ities (methyl and phenyl groups) in a hectorite-like

structure.

EXPERIMENTAL

Materials

Magnesium chloride hexahydrate (98.0%), lithium

fluoride (99.9%), urea (99.0%), methylene blue (MB)

(95.0%), calcium chloride (95%), and sodium chloride

(99.5%) were purchased from Wako Pure Chemical

Industries, Ltd., Osaka, Japan. Monodisperse spherical

silica particles with a grain size of 2.6 mm (KE-P250,

Nippon Shokubai Co., Ltd., Osaka, Japan), methyl-

triethoxysilane (MTEOS; Shin-Etsu Chemical Co., Ltd.,

Tokyo, Japan), and phenyltriethoxysilane (PTEOS; Shin-

Etsu Chemical Co., Ltd.) were used as sources of layered

silicates. All these chemicals were used as received.

Crystal growth of layered silicate grafted with organic

groups on monodisperse spherical silica

A typical molar ratio of LiF:MgCl2:SiO2:urea in the

starting mixture was 0.13:0.19:1.0:1.0. Urea (1.0 g),

MgCl2·6H2O (0.66 g), and LiF (0.058 g) were dissolved

in 30 mL of water (Merck Millipore water: resistivity

>15 Mo). The resulting solution was mixed with an

aqueous suspension of spherical silica particles (1.0 g in

20 mL of water) which contained a certain amount of

MTEOS or PTEOS (0.04, 0.3, or 0.5 mol/L mol SiO2)

using a mechanical homogenizer at 4600 rpm for 30 min

at room temperature. The molar ratio of the organosilane

to SiO2 in the starting mixture was varied, as summar-

ized in Table 1. The slurry was transferred to a Teflon-

lined autoclave and heated to 100 or 150ºC for 2 or

4 days. The products were named as Me/Ph-n-t-L/H, as

listed in Table 1, where n and t refer to the molar ratio of

the organosilane and the reaction period in days,

respectively. In the sample names, Me and Ph indicate

that the added organosilane was MTEOS or PTEOS,

respectively. The reaction temperatures indicated in the

list by L and H correspond to 100 and 150ºC,

respectively. The autoclave was spun at 15 rpm in a

hydrothermal synthesis reactor (Hiro Company,

Yokohama, Japan) during the heat treatment. The slurry

was then cooled in an ice bath and centrifuged at

14006g for 10 min, and the precipitate was then

collected and dried at 50ºC.

Polymerization of each organosilane was conducted

to compare the structures of the layered silicates by

mixing MTEOS or PTEOS (5 mmol) in an aqueous

solution of NaOH (0.1 mol/L) for 24 h under magnetic

stirring at 60ºC. The precipitate was collected by

centrifugation at 14006g for 10 min and then washed

with water and dried at 50ºC.

Adsorption of MB from aqueous solution

The products (0.10 g) were allowed to react with

25 mL of aqueous MB solution (0.14�0.75 mM) in a

glass vessel with reciprocal stirring for 1 day at 25ºC. To

estimate the adsorption of MB to the vessel, blank

samples containing 25 mL of aqueous MB solution with

no adsorbents were also prepared. After centrifugation

(14006g, 15 min), the concentration of MB remaining

in the supernatant was determined by UV visible

spect roscopy (UV-2450PC spect rophotometer ,

Shimadzu, Kyoto, Japan) to determine the amount of

MB adsorbed at the wavelength of 665 nm.

Table 1. Sample names and reaction conditions used for
direct crystallization of organo-phyllosilicates on spherical
silica particles.

Sample Organo
silane

Amount of
organosilane

(vs.
1 mol SiO2)

Conditions

MTEOS
Me-0-4-H 0 150ºC, 4 days
Me-0.04-4-H 0.04 150ºC, 4 days
Me-0.04-2-H 0.04 150ºC, 2 days
Me-0.04-4-L 0.04 100ºC, 4 days
Me-0.04-2-L 0.04 100ºC, 2 days
Me-0.3-4-H 0.3 150ºC, 4 days
Me-0.5-4-H 0.5 150ºC, 4 days

PTEOS
Ph-0.04-4-H 0.04 150ºC, 4 days
Ph-0.3-4-H 0.3 150ºC, 4 days
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Equipment

Scanning electron microscopy (SEM) images were

captured using an Hitachi (Tokyo, Japan) SU-8000 field

emission scanning electron microscope (operated at

10 kV) after osmium plasma coating of the samples.

Powder X-ray diffraction (XRD) patterns were obtained

using a Rigaku (Tokyo, Japan) RINT 2200 V/PC

diffractometer with monochromatic CuKa radiation,

operated at 20 mA and 40 kV in the range 2�70º2y,
where the sampling step and counting time were 0.01º2y
and 1.0 s, respectively. Solid-state 29Si magic angle

scanning (MAS) nuclear magnetic resonance (NMR)

spectra were measured using a Bruker (Billerica,

Massachusetts, USA) ASCEND 500 spectrometer

equipped with a MAS probe (MASVTN 500SB BL4)

at a resonance frequency of 99.36 MHz with a 90º pulse

(high-power decoupling) and a recycle delay of 40 s.

The spinning rate was 8 kHz. Thermogravimetric

differential thermal analysis (TG-DTA) curves were

recorded using a Rigaku TG8120 instrument in a

temperature range from room temperature to 1000ºC at

a heating rate of 10ºC/min using a-alumina as the

standard material.

RESULTS AND DISCUSSION

Reaction time and temperature

The XRD patterns of the hydrothermal products are

shown in Figure 1. In all cases, the reflections of the

(110), (130), and (060) planes, which could be ascribed

to hectorite, were observed (Okada et al., 2012b). At the

reaction temperature of 100ºC, the (00l) reflection was

absent owing to the poor crystallinity of the hectorite-

like silicates, as shown in Figure 1a,c. The crystal

developed along the direct ion of the c axis

(Figure 1b,d,e) when the reaction temperature was

changed to 150ºC, irrespective of the presence or

absence of MTEOS in the starting mixture. By-products

such as Mg(OH)2 (41 and 53º2y) shown in Figure 1a,b

disappeared when the reaction period was extended from

2 to 4 days. The basal spacing of the MTEOS-free

sample was 1.25 nm (Me-0-4-H: Figure 1e), which

implies that a monomolecular hydration layer occupied

the interlayer space. A slight increase in the basal

spacing to 1.36 nm was observed on the addition of

MTEOS (Figure 1c,d). The interlayer spacing was

0.40 nm, which was determined by subtracting the

thickness of the silicate sheet (0.96 nm) (Bailey, 1988)

from the basal spacing observed, and that value

coincided with the size of methyl groups (0.4 nm)

based on the molecular size of methane (Webster et

al., 1998). Hydrolyzed MTEOS was, therefore, thought

to be intercalated between the silicate layers.

The SEM images of the products are shown in

Figure 2. Whole grains in the MTEOS-free product

(Figure 2a) were essentially spherical with a size of

~3 mm. Platy fine particles were observed along the

surface of the spheres, which indicated that a hectorite-

like silicate grew on the silica spheres while maintaining

their original shape. Such platy particles covered every

grain of silica, and very few individual fine plates were

found in the product. When MTEOS was added to the

starting mixture, platy fine particles also appeared

(Figure 2b�e). Because individual platy particles were

not observed, direct crystallization of layered silicates

on silica can be assumed to have occurred. At a higher

Figure 1. XRD patterns of: (a) Me-0.04-2-L, (b) Me-0.04-2-H, (c) Me-0.04-4-L, (d) Me-0.04-4-H, and (e) Me-0-4-H.
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temperature (150ºC), the sizes of the resulting spherical

grains (Figure 2b,c) were in the range 2.8�3.0 mm,

whereas after treatment at 100ºC for 48 h (Figure 2e) a

large number of smaller spheres (~0.2 mm) agglomerated

on the original silica.

The dissolution of silica spheres has been reported to

occur as an initial process before heterogeneous nuclea-

tion reactions of hectorite-like silicates (Okada et al.,

2012b). The aging temperature is correlated directly

with the solubility of the silica sol. Excess silica sol,

which does not contribute to the formation of hectorite,

has also been reported to lead to polymerization and the

formation of silica spheres with smaller sizes (~0.2 mm)

(Okada et al., 2016a). In the present system, the

polymerization of silica probably occurred before the

heterogeneous nucleation of layered fine particles at

100ºC. Excess silica sol was consumed by extending the

reaction period to 96 h (Figure 2d), so that such smaller

Figure 2. SEM images of: (a) Me-0-4-H, (b) Me-0.04-4-H, (c) Me-0.04-2-H, (d) Me-0.04-4-L, and (e) Me-0.04-2-L.
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silica particles disappeared to give a uniform grain-size

distribution. The extension in the reaction period also

resulted in the formation of relatively large platy crystals

(Figure 2d). This enhancement of crystallization is

thought to be related to condensation of the nuclei.

The formation of nuclei has been postulated to take

place at an initial stage of the reaction process, including

the condensation of silica monomers onto previously

formed octahedra l sheets (Jaber and Miehe-

Brendle, 2008). Some of these initial nuclei redissolved

and recondensed to form true nuclei of layered silicates.

The relative concentration of true nuclei is assumed to

increase upon extension of the reaction period, as a

result of continual condensation during aging over

4 days.

The increase in temperature to 150ºC also, presum-

ably, affected the consumption of the excess silica sol,

which led to an increase in oversaturation of the layered

silicate crystals. A greater degree of oversaturation will

facilitate crystal growth. As shown in Figure 2b, the

aspect ratio (length of the plate) of the fine crystals was

larger than that of those prepared at 100ºC (Figure 2d).

The increase in degree of crystallinity was consistent

with the XRD results (Figure 1).

Solid-state 29Si MAS NMR analyses were performed

to confirm that methyl groups had been grafted onto the

silicate sheets. All the spectra (Figure 3) of the

hydrothermal products contain Qn signals which were

assigned to hectorite, e.g. Q3(Si(OMg)(OSi)3) and

Q2(Si(OMg)(OSi)2(OH)) at �94 and �86 ppm, respec-

tively, in addition to Q4(Si(OSi)4) at �110 ppm, which

was assigned to the siloxane network (Carrado et al.,

2000, 2002; Fujii and Hayashi, 2005). When MTEOS

was present in the initial mixture (Figure 3a�d), T-type

signals were also observed where silicon has three

oxygen bridging atoms and one covalent bond with an

organic moiety (R) (Sugahara et al., 1994). The positions

of the T-type signals varied depending on the reaction

temperature. At the lower temperature (100ºC;

F igure 3a , c ) , s i gna l s t ha t we re a s s igned to

T 3 ( R S i ( O S i ) 3 ) , T 2 ( R S i ( O H ) ( O S i ) 2 ) , a n d

T1(RSi(OH)2(OSi)) were observed at �65, �58, and

�50 ppm, respectively. These signals were located at the

same positions as those for polymerized MTEOS

(Figure 3e), which suggests that a proportion of

MTEOS was not incorporated covalently into the silicate

sheets at 100ºC. The T2 and T1 signals, on the other

hand, shifted to �67 and �60 ppm, respectively, upon an

increase in the reaction temperature to 150ºC

(Figure 3b,d). These signals can be assigned to

T2’(RSi(OMg)(OSi)2) and T1’(RSi(OMg)(OH)(OSi))

environments, respectively (Burkett et al., 1997;

Whilton et al., 1998), which implies that methylsilyl

groups were grafted onto phyllosilicate sheets.

Extending the reaction period from 48 h (Figure 3b) to

96 h (Figure 3d) led to an increase in the intensity of the

T2’ (grafting onto the interlayer siloxane layer) environ-

ment compared to the T1’ (grafting onto the crystal edge)

environment, which is in accordance with an increase in

crystallinity (Figure 1). The reaction temperature and

reaction period were, therefore, optimized at 150ºC and

96 h, respectively, for the grafting of methylsilyl groups

onto phyllosilicate sheets.

Amount of organosilane

The amount of MTEOS added to the starting mixture

was increased from 0.04 to 0.3 mol/L mol SiO2, and the

reaction was conducted at 150ºC for 4 days. The XRD

Figure 3. Solid-state 29Si MAS NMR spectra of: (a) Me-0.04-2-L, (b) Me-0.04-2-H, (c) Me-0.04-4-L, (d) Me-0.04-4-H, and (e) a

mixture of polymerized MTEOS and Me-0-4-H.
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pattern of the product (Me-0.3-4-H) is shown in

Figure 4c together with that of the MTEOS-free product

(Figure 4a). Diffraction peaks that could be ascribed to

the (001), (110), (130), and (060) planes in hectorite

were also observed for Me-0.3-4-H at 6.5º, 19.4º, 35.0º,

and 61.0º2y (CuKa), respectively, which suggests that a

hectorite-like phyllosilicate formed in the presence of

the increased amount of MTEOS. The basal spacing was

1.36 nm, which was the same as when the smaller

amount of MTEOS was added (Me-0.04-4-H) and

indicated the intercalation of methylsilyl groups with

dense packing. A further increase in the amount of

MTEOS to 0.5 mol/L mol SiO2 resulted, however, in the

precipitation of Mg(OH)2 and polymerized MTEOS

(Figure 4d). The XRD pattern of polymerized MTEOS

(Figure 4e) included a diffraction peak at 10º2y (CuKa),
which was due to the lamellar structure of polymerized

MTEOS.

The XRD patterns of the products obtained by the

reactions with 0.04 and 0.3 mol/L PTEOS (Ph-0.04-4-H

and Ph-0.3-4-H) are shown in Figure 5a,b. Reflections

appeared that could be ascribed to the (001), (110),

(130), and (060) planes of a hectorite-like layered

structure, irrespective of the amount of PTEOS that

was added. When compared with the pattern of

polymerized PTEOS (Figure 5c), the position of each

basal-plane reflection (6.8º2y) was different because of

the lamellar structure of the PTEOS polymer (7.3º2y)

Figure 4. XRD patterns of: (a) Me-0-4-H, (b) Me-0.04-4-H, (c) Me-0.3-4-H, (d) Me-0.5-4-H, and (e) polymerized MTEOS.

Figure 5. XRD patterns of: (a) Ph-0.04-4-H, (b) Ph-0.3-4-H, and (c) polymerized PTEOS.
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(Burkett et al., 1997). The basal spacings of Ph-0.04-4-H

and Ph-0.3-4-H were 1.3 nm (interlayer spacings of

0.3 nm). Considering the molecular thickness of phenyl

groups (0.33 nm) (Webster et al., 1998), hydrolyzed

PTEOS was, presumably, intercalated into the interlayer

space with the molecular planes parallel to the silicate

sheet. The addition of the larger amount of PTEOS (Ph-

0.3-4-H) resulted in the coprecipitation of magnesium

carbonate and hydroxide, as was observed in the XRD

pattern (Figure 5b). Excess amounts of PTEOS may

undergo copolymerization with dissolved silica oligo-

mers, and thus probably only a small proportion of the

dissolved silica participated in the formation of hector-

ite. The excess Mg ions were, therefore, thought to

precipitate to form Mg carbonate and hydroxide in the

presence of hydrolyzed urea.

The SEM images of the products shown in Figure 6

revealed that hectorite-like silicates grew selectively on

silica spheres, because only spherical grains with a size

of 2.7 mm covered with platy particles were observed.

The platy particles in the PTEOS systems (Figure 6b,c)

were larger than those in the MTEOS system

(Figure 6a). The aspect ratio increased when the amount

of PTEOS was increased to 0.3 mol/L mol SiO2 (Ph-0.3-

4-H: Figure 6c). The increase in crystallite size can be

explained by a decline in oversaturation (nuclei) because

silica oligomers were consumed by reacting with excess

PTEOS.

The solid-state 29Si MAS NMR spectra of the

hydrothermal products are shown in Figure 7. Qn signals

that were assigned to the silicate sheet of hectorite were

observed at �110, �94, and �86 ppm for Q4(Si(OSi)4),

Q3(Si(OMg)(OSi)3), and Q2(Si(OMg)(OSi)2(OH)),

respectively (Fujii and Hayashi, 2005; Carrado et al.,

2000, 2002). When the amount of MTEOS was increased

to 0.3 mol/L mol SiO2, the signals assigned to the

T2’(RSi(OMg)(OSi)2) and T1’(RSi(OMg)(OH)(OSi))

environments at �67 and �60 ppm, respectively,

became more intense (Figure7b) than those for the

smaller amount of MTEOS (Figure 7a). Each Tn’ signal
was located in a higher-frequency region for polymer-

ized MTEOS (Figure 7c). These results suggest an

increase in the amount of grafted methyl groups.

For the PTEOS product (Ph-0.3-4-H), the signals

(Figure 7e) observed at �79 and �67 ppm were

assigned to the Tn’ environments (Fujii and Hayashi,

Figure 6. SEM images of: (a) Me-0.3-4-H, (b) Ph-0.04-4-H, and (c) Ph-0.3-4-H.
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2 0 0 5 ) o f T 2 ’ ( R S i ( O M g ) ( O S i ) 2 ) a n d

T1 ’(RSi(OMg)(OH)(OSi)) (Carrado et al., 2001;

Burkett et al., 1997), respectively, because these were

located in a lower-frequency region than those for the

polymerized PTEOS shown in Figure 7f (�76 ppm for

T3(RSi(OSi)3) and �66 ppm for T2(RSi(OH)(OSi)2)

(Liu et al., 2006). Phenylsilyl groups are thought to

have been grafted onto phyllosilicate layers with a

hectorite-like structure.

The results of the TG-DTA analyses of the grafted

samples are summarized in Table 2. The mass loss in the

temperature range of 200�800ºC was due to dehydration

of structural hydroxyl groups and oxidative decomposi-

tion of organic groups. The methyl groups content in

Me-0.04-4-H may be smaller, considering that the

corresponding mass loss of 3% was similar to that for

the unmodified sample (3% for Me-0-4-H). The increase

in the amount of MTEOS (Me-0.3-4-H) led to an

increase in the mass loss to 9%, which indicated an

increase in the amount of grafted methylsilyl groups. In

the PTEOS systems, the amount of grafted groups may

also have increased with the increase in the amount of

PTEOS, judging by the mass losses of 4% for Ph-0.04-4-

H and 24% for Ph-0.3-4-H. The formation of porous

structure in the interlayer space was confirmed by

comparing the specific surface area listed in Table 2.

The surface areas of the samples grafted with a small

amount of organic groups (Me-0.04-4-H: 161 m2/g, Ph-

0.04-4-H: 116 m2/g) were larger than that of the non-

grafted sample (Me-0-4-H: 81 m2/g). Dense packing of

the organic moiety in the interlayer space is a possible

reason for the decrease in the surface area.

On the bases of the XRD, SEM, TG-DTA, N2

adsorption, and NMR analyses, the in situ crystallization

of hectorite-like organosilicates derived by grafting

organosilyl (methyl and phenyl) groups onto spherical

silica particles was elucidated.

Adsorption of MB. The adsorption of a cationic dye (i.e.

MB) onto the samples from an aqueous phase was

studied. Because the adsorption of MB proceeds via

cation-exchange reactions, the fraction of layered

silicates in hybrid samples (i.e. the silicate/silica ratio)

can be estimated from their cation-exchange capacity

(Okada et al., 2012b). According to the Giles (1974)

classification, the adsorption isotherms were of L type.

The adsorption isotherms were fitted to the Langmuir

(1918) equation which is given as follows:

Ce/Q = (1/KLQm) + (1/Qm)Ce (1)

where Qm and KL are constants related to the maximum

amount adsorbed and maximum binding energy,

Table 2. Langmuir parameters for adsorption of MB and results of TG-DTA analyses of samples before adsorption of MB.

Sample Langmuir parameter r2 Mass loss (%) N2 BET surface
KL

(105 L mol�1)
Qm

(mmolg�1) 25�100ºC 200�800ºC
area (m2/g)

Me-0-4-H 0.75 0.47 0.99 5 3 81
Me-0.04-4-H 7.2 0.38 0.99 4 3 161
Me-0.3-4-H 8.6 0.26 0.99 5 9 132
Ph-0.04-4-H 1.7 0.44 0.99 5 4 116
Ph-0.3-4-H 0.11 0.17 0.97 1 24 14

Figure 7. Solid-state 29Si MAS NMR spectra of: (a) Me-0.04-4-H, (b) Me-0.3-4-H, (c) a mixture of polymerized MTEOS and Me-0-

4-H, (d) Ph-0.04-4-H, (e) Ph-0.3-4-H, and (f) a mixture of polymerized PTEOS and Me-0-4-H.
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respectively. Q and Ce denote the amount adsorbed and

the equilibrium concentration, respectively. The Lang-

muir parameters derived from the adsorption isotherms

are listed in Table 2. When the amount of MTEOS was

increased, the maximum amount adsorbed, Qm, de-

creased. The Langmuir adsorption constant, KL, in-

creased eventually and was particularly high for Me-0.3-

4-H (KL = 8.66105 L mol�1). This indicates that the

silicate sheet was modified with methylsilyl groups that

enabled strong interactions with MB. In the PTEOS

systems, the Qm value also decreased with increase in

the amount of PTEOS. The KL value for Ph-0.3-4-H, on

the other hand, was less than those for the unmodified

sample (Me-0-4-H) and Ph-0.04-4-H.

An increase in the amount of grafted groups was

associated with a decrease in the amount of water

adsorbed, which was estimated from the mass losses

observed in the temperature range 25�100ºC (5% for

Ph-0.04-4-H and 1% for Ph-0.3-4-H) in the TG-DTA

curves. Modification with phenylsilyl groups was known

to impart hydrophobic properties. The increase in

hydrophobicity (decrease in the amount of adsorbed

water) due to the phenyl groups was a factor responsible

for the decline in the adsorption of MB, which was

presumably due to the dehydration of exchangeable

cations in the interlayer. The determination of the

fraction of layered silicate in the samples from the MB

adsorption experiment was difficult, therefore.

CONCLUSIONS

Fine phyllosilicate crystals that were grafted with

methylsilyl and phenylsilyl groups were grown on the

surface of monodisperse spherical silica particles which

were 2.6 mm in size. Hydrothermal reactions were

performed at 100 and 150ºC in the presence of

organosilanes (MTEOS and PTEOS), monodisperse

silica spheres, MgCl2, LiF, and urea for 2 or 4 days.

The higher temperature was necessary for covalent

attachment of silyl groups to silicate sheets and to

preserve a uniform grain-size distribution. The longer

reaction period led to greater crystallinity of the

resulting organo-phyllosilicates. Excess organosilanes

(0.5 mol/L mol SiO2) participated in reactions with

silica oligomers formed by the dissolution of the initial

silica spheres, which resulted in the precipitation of

magnesium carbonate and hydroxide and reduced the

amount of phyllosilicates that were formed. The max-

imum amount of MB adsorbed decreased when the

amount of organosilanes added was increased. The

strength of adsorbate�adsorbent interactions (which

was derived from the Langmuir KL value) was different

for the MTEOS and PTEOS systems, due, presumably,

to the difference in the hydrophobicity of the organic

moiety.
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